Observations of vector magnetic elds from various observatories have been used to study the current helicity of the solar magnetic eld, computed either as the ratio z of the vertical components of the electric current density J z to the magnetic induction B z or the force-free eld coe cient. Low resolution full disk longitudinal magnetograms have also been used to reconstruct the large-scale vector magnetic eld and compute H c = B z (r B) z .
INTRODUCTION
] studied chromospheric H vortices around sunspots and found that they form counterclockwise spirals north of the equator and clockwise spirals south of it, independent of the solar cycle. Later Richardson 1941] con rmed this result on a larger dataset of more than 140 active regions. Although both Hale and Richardson explained their results in terms of solar atmospheric circulation, it is believed now that the chromospheric vortices re ect the hemispheric helicity rule for the magnetic eld, discovered only recently Seehafer, 1990 ; Martin et al., 1994; , and not yet fully understood. It has alternatively been ascribed to either photospheric Zirker et al., 1997; vanBallegooijen et al., 1998 ] or subphotospheric Rust and Kumar, 1994; Longcope et al., 1998 ] processes. Seehafer 1990 ] studied the sign of the force-free eld coe cient of 16 active regions and found hemispheric asymmetry. computed for 69 active regions and found that 76% of the regions in the northern hemisphere have negative , and 69% in the southern hemisphere, positive. Later the tendency was con rmed in other independent datasets Abramenko et al., 1997; Bao and Zhang, 1998; Longcope et al., 1998 ]. The hemispheric helicity rule has also been observed in the interplanetary magnetic eld Matthaeus et al., 1999] , chromospheric laments Martin et al., 1994; Rust, 1999] and sheared coronal loops Rust and Kumar, 1996; Can eld and Pevtsov, 1999] .
MEASURES OF HELICITY
It is widely believed now that the solar magnetic eld is generated by a dynamo operating at the base of the convection zone. The ux generated there is buoyant and rises to the surface as -shaped loops whose ends are anchored in the convectively stable core. Where it intersects the photosphere, the loop forms a solar active region with sunspots of opposite polarity connected through the corona Babcock, 1961] . The thin ux tube model has been used in several studies of loops rising through the convective zone Fisher et al., 1995] and interacting with turbulent convection Longcope et al., 1999] . absence of dissipative processes the magnetic helicity is a conserved quantity Field, 1986] .
Only the density of twist in the photosphere can be measured using vector magnetograms. The writhe can be studied independently, using the shape of coronal loops above solar active regions Pevtsov et al., 1997; Can eld and Pevtsov, 1999] .
Helicity Proxies
Existing solar vector magnetographs measure three components of the magnetic eld B = fB x ; B y ; B z g at a single level in solar atmosphere. Strictly speaking, neither the magnetic vector potential, nor the magnetic helicity can be computed from these data without additional assumptions, since the measurements are local, but these quantities are global. and Hagyard et al. 1998 ] to study the hemispheric helicity rule (Section 4). For a non-linear force-free eld = (x; y) and z (x; y) = (r B) z =B z = ( @By @x ? @Bx @y ) Bz : This approach has been used to study local helicity patterns in active regions Pevtsov et al., 1994] H c averaged over a whole active region has been used to study the hemispheric helicity rule Abramenko et al., 1997; Bao and Zhang, 1998 ] and the large-scale pattern of helicity Pevtsov and Latushko, 1995] , Section 6.
OBSERVATIONAL ASPECTS

Vector Magnetographs
The results of studies that we review in this paper are based on observations from several vector magnetographs including the Haleakala Stokes Polarimeter (HSP) Mickey, 1985] , Advanced Stokes Polarimeter (ASP) Lites et al., 1993] , Huairou Solar Station (HSS) vector magnetograph Bao and Zhang, 1998 ] and Marshall Space Flight Center (MSFC) magnetograph Hagyard et al., 1985] . The di erences between the instruments in observational technique and data reduction can e ect helicity observations. Both HSP and ASP derive magnetic eld vector from full Stokes pro les of two spectral lines Fe I 6301.5 and 6102.5, using a nonlinear least-squares Unno pro letting routine Skumanich and Lites, 1987] . It is important to note that the method makes a rst-order correction for the magneto-optical e ects (Faraday rotation) and magnetic lling factor.
In contrast, the MSFC and HSS instruments take polarization measurements in a single xed position of a spectral line pro le (MSFC can make successive observations in several points across a spectral line). The value of B is then determined via comparison of the measured polarizations with theoretical ones, computed using a model of the solar atmosphere Semel et al., 1991] . The use of limited spectral information makes the MSFC and HSS magnetographs potentially susceptible to several known problems: magnetic saturation, under-resolution, and Faraday rotation. Recently, Hagyard et al. 1998 ] investigated the role of these factors on helicity computation using the MSFC magnetograph data. We are unaware of a similar study involving HSS data.
3.1.1. Magnetic saturation. The magnetic saturation is the result of nonlinear dependence between eld strength and measured polarization. Thus, beginning with certain eld strength polarization may vary very little or even decrease, although the eld strength will continue to increase. The saturation alters both total eld strength and the direction of transverse eld and hence is important for helicity computation. However, Hagyard et al. 1998 ] concluded that careful choice of a threshold in the transverse eld eliminates saturated pixels from calculations. On the other hand, it is di cult if possible to correct for the saturation e ect in the computation of z and H c .
3.1.2. Under-resolution. Solar photospheric magnetic elds are concentrated in the small ux tubes, whose cross-sections are far below the spatial resolution limits of existing magnetographs Sten o, 1994] . Adequate spectral resolution and sampling allows one to determine the relative contribution to the radiation from the magnetized and non-magnetized plasma to rst order. In the MSFC and HSS magnetographs this information is lost. Lack of such information about the magnetic lling factor leads to underestimation of the eld strength and may distort the local helicity pattern. However, Hagyard et al. 1998 ] compared from HSP and MSFC vector magnetograms for three active regions and found that they are in good agreement in spite of the magnetic lling factor uncertainty. 3.1.3. Faraday rotation. West and Hagyard 1983 ] found that the Faraday rotation can change the azimuth of the transverse eld by as much as 45 for measurements taken near the center of a spectral line or in the far wing. In a magnetic eld of uniform polarity the azimuths of the transverse eld will rotate in the same direction. Thus, Faraday rotation mimics r B and hence may e ect signi cantly the computation of helicity. However, Hagyard et al. 1998 ] concluded that the e ect of Faraday rotation on the computation is relatively unimportant for the MSFC dataset, since the measurements are usually taken far enough in the wing of a spectral line. On the other hand, they found a strong indication of the Faraday rotation in HSS data, at least in one case of a single active region they have analyzed. One could expect it, since the HSS magnetograph measures transverse eld in the center of a spectral line, where the Faraday rotation is maximum.
Full Disk Longitudinal Magnetograms
In Section 2 we have de ned two helicity proxies, which one can compute using vector magnetograms. This approach, however, limits the helicity studies to the solar active regions, since the observations of the vector magnetic eld for the full solar disk are unavailable at present time. To overcome this limitation Pevtsov and Latushko 1995] employed a reconstruction technique Grigoriev and Latushko, 1992 ] to compute vector magnetic eld from a set of longitudinal magnetograms. The method works under assumption that the large-scale magnetic eld evolves slowly and that all changes of B long are the result of changing projection angle. Latushko and Pevtsov 1998] Since the magnetic pressure in the photosphere is comparable with the gas pressure, the magnetic eld in the photosphere is not force-free Priest, 1984] . However, the force-free eld assumption has been widely used to extrapolate the magnetic eld from the photosphere up to the corona Semel et al., 1991] . Using { a by-product of these calculations { Seehafer 1990 ] noticed a hemispheric asymmetry in the distribution of sign of : negative in the northern hemisphere and positive in the southern. ] studied 69 active regions and established the hemispheric helicity rule on 70%/30% level, although the extended HSP dataset Longcope et al., 1998 ] shows the tendency on 60%/40% level (Table 1) . Figure 1 shows the latitudinal distribution of best Figure 1 for all 203 active regions of the Longcope et al. 1998 ] dataset.
Two other groups studied the current helicity density of active regions by averaging H c over whole region. Abramenko et al. 1997 ] examined 40 active regions and con rmed the hemispheric helicity rule on the same level as . Bao and Zhang 1998 ] studied 421 active regions and found a stronger 80%/20% tendency.
Although the hemispheric helicity rule was established for solar cycle 22, observations show the same sign of the hemispheric asymmetry in solar cycles 21 Hagyard et al., 1998 ] and 23 Bao and Zhang, 1998 ].
The current helicity of the large-scale magnetic eld also reveals the same hemispheric asymmetry. Using MDI full disk magnetograms Latushko and Pevtsov 1998 ] reconstructed vector magnetic eld in the Carrington coordinate grid for one solar rotation (JuneJuly 1996, Carrington rotation number CRN 1910). Averaging radial B r and toroidal B components of the magnetic vector over all longitudes for each latitude ', they were able to compute the latitudinal pro le of the current helicity H c = shows the latitudinal pro le of H c from Latushko and Pevtsov 1998 ]. The large-scale magnetic eld has predominantly negative/positive current helicity density in northern/southern hemisphere. It is important to note signi cant variations of H c in low latitudes, where the sunspot activity is large, and much smaller H c variations in high latitudes, with no sunspot activity. The current helicity increases toward poles, a feature that can not be seen in active region data. The large variations of H c between 30 can be the result of the large-scale helicity areas described in Section 6. Duvall et al. 1979] used WSO low resolution magnetograms to compute latitudinal pro les of the vertical components of large-scale magnetic eld and electric currents crossing the photosphere. Comparing these two pro les we nd the same hemispheric helicity rule as in Figs. 1 and 2. 
Tilt-Twist Correlation
The relationship between the two components of magnetic helicity can be used to discriminate between different origins of helicity. Consider helicity conservation in a ux tube with zero helicity. Twisting modi es both twist T and writhe W in the tube. However, the writhe will be opposite in sign to the twist. On the other hand, consider a highly twisted tube. It may \trade" its twist for writhe, again conserving total (non-zero) helicity. In a rst case, T and W will be opposite in sign; in a second case they will have same sign. In the photosphere we can study a relationship between the internal twist of the magnetic eld represented by best and the writhe represented by \tilt" of a solar active region (Joy's law, Zirin, 1988] ), the angle between N-S axis of the region and solar equator. It is believed that such tilt arises due to the Coriolis force acting on plasma owing away from the apex of rising -loop Fisher et al., 1995] . As a result of helicity conservation, one should expect a strong correlation between twist ( best ) and writhe (tilt), assuming that the -loop was originally untwisted, and is in equilibrium.
For 99 active regions from Haleakala Stokes Polarimeter datatset Can eld and Pevtsov 1998] computed both best and tilt per unit length ( =L). They de ned to be positive in counterclockwise direction, so that > 0 corresponds W < 0 (negative writhe) and vise versa.
To guide the analysis, Can eld and Pevtsov used a simple non-linear force-free eld { a uniformly twisted cylindrical ux tube Priest, 1984] . It is straightforward to show that for this eld (which has no writhe), best = T =L, where the separation between sunspots of opposite polarity is used as a measure of L. Figure 3 Figure 3 shows a relationship between =L and best . Clearly, the data do not show a positive correlation between twist and and tilt, as one would expect if the Coriolis force had produced twist in originally untwisted ux tubes. In fact, there is a weak anticorrelation between best and =L, which implies that the writhe and twist density at the photosphere have the same sign!
HELICITY PATTERNS WITHIN ACTIVE REGIONS
In the previous section we presented observational results based on representation of each active region by a single parameter. Although this approach has been proven to be useful in study of the hemispheric helicity rule, it ignores the small-scale patterns of oppositely directed currents which are known to exist inside active regions Gary et al, 1987; Pevtsov and Peregud, 1990] . Pevtsov et al. 1994 ] described such patterns of z which they found to persist for several days, with a characteristic decay time 27 hours. It has been convincingly argued, albeit in a limited data set, that nonzero values of z are of sub-photospheric origin Leka et al., 1996] . On the other hand, van Driel Gesztelyi et al. 1997] argued that currents may also be induced by sunspot motions.
Patterns in z probably exist throughout the lifetime of active regions { from emergence through decay. Figure 4 shows z maps of the AR NOAA 7926 during its Figure 4 dissipation. The pattern of evolved only gradually over four days of observation. Using cross-correlation coe cients computed for each pair of magnetograms of the dataset we found a characteristic decay time of z pattern ' 47 hours, but visually the pattern can be identi ed over period of 4 days.
The z pattern shown on Figure 4 implies that oppositely directed and parallel electric currents ow inside the magnetic ux rope. However, one should expect the interaction between these currents (i.e. coalescence, Nishikawa et al., 1994] ) to destroy the pattern.
To test this hypothesis we Pevtsov and Can eld, 1998 ] computed maps of z for 30 active regions observed by Haleakala Stokes Polarimeter for at least 8 consecutive days. For these active regions we de ned contours of z corresponding 1 10 ?9 m ?1 and studied the evolution of the area and value of z averaged over the area inside a contour. We found no systematic variation of these two parameters with active region age. On the other hand, the pattern does evolve over a few days. Hence, we concluded that z patterns observed in active regions evolve either as a result of rearrangement of individual patches or ux emergence; hence, they can be used to study subphotospheric processes.
If local photospheric helicity patterns originate in the convection zone, what can we learn about physical processes there? Numerical dynamo models Brummell et al., 1996] show that small scale ows with both signs of kinetic helicity develop in a dynamo region as a result of turbulent convection in a rotating coordinate system. These ows may generate magnetic elds with opposite twists, which one can observe in the photosphere. Longcope et al. 1996 ] studied the evolution of a crosssection of an isolated ux tube rising through the convection zone and found that the interaction between the ux tube and its surroundings lead to bifurcation. The circulation twists each tube of the pair in an opposite sense. The amount of twist and the fragmentation scale depend on several parameters, including the vertical velocity, magnetic ux, viscosity and size. On the other hand, internal twist above a certain threshold stabilizes the ux tube Linton et al., 1996] .
LARGE-SCALE HELICITY PATTERN
Several studies imply large-scale organization of elds and ows on scales larger than the size of a typical active region.
Clusters of Active Regions
Active regions tend to form in clusters or \nests" of activity that may last from three to six solar rotations Gaizauskas, 1993] . Perhaps such persistent magnetic activity re ects dynamo processes, and hence can appear in helicity data as well. ] studied the distribution of active regions with longitude and found that there are activity nests which maintain the same sign of helicity for several successive solar rotations. Figure 5 gives examples of these nests Figure 5 of helicity for Carrington rotations 1800{1985 (March 1988 { May 1995 . The best example of such an area is seen in the northern hemisphere near 360 between solar rotations 1862{1870. The existence of nests of recurrent helicity has recently been con rmed by Zhang and Bao 1998 ].
Can eld ] see persistence of the areas for several rotations as an indication that the helicity of the elds in these regions has been generated at great depths, not near the surface. The \helicity nests" may persist for up to 5 solar rotations, a few times longer than the theoretical estimates for the time a typical ux tube will rise from the bottom of the convection zone to the photosphere D'Silva and Howard, 1994]. Hence they speculate that helicity nests may be the result of large-scale motions in the convection zone.
6.2. Large-Scale Helicity Areas Latushko and Pevtsov 1998 ] studied the current helicity of the large-scale magnetic eld, using WSO and MDI data (Section 3.2). Figure 6 shows their re- Figure 6 sults for 5 successive solar rotations. The authors found large-scale areas of both positive and negative chirality in both hemispheres. Some areas persisted for several solar rotations (Fig. 6, examples 1-5) , while individual active regions came and went (Fig. 6, examples 1 and  2) .
Coronal data from the Soft-X ray Telescope on the Yohkoh spacecraft seems to support such large-scale helicity areas, albeit indirectly. Sandborgh et al. 1998 ] used Yohkoh SXT data to identify boundaries of independent coronal ux systems and their chirality (using sigmoidal loops). Examining 10 solar rotations, they found several such ux systems with a typical size of 30-60 persisting for up to 5 solar rotations. For further discussion of these results see Can eld and Pevtsov 1999] .
Recently, giant convective cells were discovered Beck et al., 1998; Hathaway et al., 1998 ]. The typical size of the convective cells is about 40 , and the individual cells persist for few solar rotations. Strikingly, the spatial and temporal scales of these features are very similar. We speculate that the large-scale helicity areas, coronal ux systems and giant convective cells may be simply di erent indications of same phenomenon.
DISCUSSION
Some researchers see the hemispheric helicity rule as an indication of sub-photospheric processes Rust and Kumar, 1994; Pevtsov et al., 1997] . Others see it as a result of large-scale photospheric shear motions Zirker et al., 1997; Foukal, 1997; van Ballegooijen et al., 1998 ]. What is the relative importance of each of these mechanisms on the Sun? Is there some signature of large-scale circulation in Fig. 6 ?
The orientation of bipolar active regions and coronal arcades, with one polarity situated closer to the solar equator than the other, allows di erential rotation to shear their magnetic elds and produce S-shaped coronal loops in southern hemisphere and inverse-S shapes in the northern van Ballegooijen et al., 1998 ]. By its nature, di erential rotation and Coriolis force should produce repeatedly same sign of twist in same hemisphere and hence, a strong hemispheric rule. Apparently, both chirality of active regions and current helicity of large-scale magnetic eld indicate that the rule is weak, i.e. there are areas of both sign of helicity in both hemispheres. We see the weakness of the hemispheric helicity rule as indirect evidence that neither di erential rotation nor Coriolis force play a dominant role in creation of twist. As well, the local helicity pattern can not be understood in the framework of these two global mechanisms alone.
It appears that there is a certain disagreement between the Mees Solar Observatory HSP and Huairou Solar Station Bao and Zhang, 1998 ] datasets on the strength of the hemispheric helicity rule. The HSP has been used to study helicity via the best , the HSS employed current helicity H c . Since for the force-free eld H c = B 2 , both helicity proxies should have the same sign. Indeed, Zhang and Bao 1998 ] found that and H c correlate quite well with each other in their dataset. On the other hand, they found that the hemispheric helicity rule is much stronger in H c data and weaker in best . We suspect that the presence of Faraday rotation in the HSS data may explain stronger hemispheric asymmetry in H c (see Section 3.1.3 and Hagyard et. al. 1998 ]).
The interaction between magnetic eld rising through the convection zone and the turbulent convection { the -e ect, Longcope et al., 1999] { can explain many observed features: weakness of the hemispheric helicity rule, large scatter in Fig. 1 , the typical value of best . It also can explain the local helicity pattern. On the other hand, the observed tilt-twist correlation Can eld ] suggests that at least some amount of twist originates in the dynamo region.
Large-scale helicity areas open another challenge for helicity studies. If such areas do exist, do they re ect large-scale circulation in the dynamo region? What is importance of such circulation on the dynamo? The study of large-scale helicity areas is in its infancy. Although the preliminary results are interesting, it would be premature to make serious conclusions based on them. Values of best for 203 active regions. Error bars re ect the variation in best from independent measurements of the same AR. A linear t to the data is shown by the solid line, two dashed lines show 2 errors of the t. By permission Longcope et al., 1998] Variation of the current helicity Hc of largescale magnetic eld with solar latitude computed using 184 arc. sec spatial averaging. Error bars refer to 1 of computational error. Carrington longitude-rotation charts for the northern (left) and southern (right) hemispheres. The + and -symbols indicate the sign of best for the active region. 
